This paper presents a numerical study on both empty and concrete-filled square hollow section (CFSHS) T-joints (t≤3 mm) using finite element analysis (FEA). The distribution of the stress concentration factor (SCF) and the maximum value of the SCF at the weld toes of empty and CFSHS T-joints were captured by developing three-dimensional finite element (FE) models using ABAQUS software. In this investigation, the empty T-joints are made up of empty SHS brace and empty SHS chord members. However, for concrete-filled T-joints, the specimens comprised of empty SHS brace and CFSHS chord members. Four empty and corresponding concrete-filled SHS-SHS T-joints were modelled and subjected to static in-plane bending load on the brace. The peak SCF obtained from ABAQUS will be compared with the experimental SCFs that were carried out by Mashiri and Zhao (2010) . The maximum SCFs at the hot spot location in empty T-joints are higher than the maximum SCFs in concrete-filled T-joints. There is a good agreement between the numerical results and the experimental results for each identical non-dimensional parameter T-joint.
INTRODUCTION
Cold-formed welded thin walled (t≤3 mm) tubular SHS-SHS T-joints are extensively used in many engineering structures such as truss bridges, high rise buildings, cranes and towers. This type of joint is regularly subjected to different types of cyclic loading such us tension, compression, in-plane bending and out-of-plane bending loads. There is no current design guideline for calculating SCFs in concrete-filled T-joints under different loading conditions. Furthermore, limited numerical and experimental investigations are available on this type of tubular joint.
Previous research on bird-beak joints, SHS-RHS joints, CHS-SHS joints as well as collar and doubler plate joints were investigated. Cheng, Qian and Zhao (2015) carried out a numerical investigation on SCFs of square bird-beak SHS T-joints under axial loading. In the majority of cases, square bird-beak SHS T-joints were found to have smaller SCFs when compared to the conventional SHS T-joints. In addition, Tong et al. (2014) carried out SCFs investigation of seven diamond bird-beak SHS T-joints subjected to axial loading and inplane bending in the brace. The SCFs for CHS-to-SHS and SHS-to-SHS were found to be higher than the diamond bird-beak T-joints. Furthermore, Chen and Wang (2015) carried out a numerical study and presented a FE model of diamond bird-beak SHS T-joints subjected to axial compression. Feng and Young (2010) performed and presented a numerical study and design on SHS and rectangular hollow section (RHS) stainless steel tubular T and X-joints with concretefilled chords using FE analysis under static compression loading. Furthermore, Feng and Young (2013) carried out numerical and experimental investigations on the SCFs of coldformed stainless steel SHS and RHS tubular X-joints under static compression loading. Feng and Young (2013) performed FE analysis corresponding to the X-joint tested experimentally, to simulate the non-uniform distribution at the hot spot locations. Similar results between the FE analysis and the experiment were achieved. Tong et al. (2012) tested eight empty circular hollow sections (CHS) to SHS T-connections and developed 3D FE models using ANSYS software to determine strain concentration factors (SNCFs) and SCFs. The CHS-SHS T-connections were subjected to axial loading and in-plane bending. The maximum SCFs for all the T-joint specimens subjected to axial loading occurred at 0 and 90 in the chord and at 90 in the brace. However, under in-plane bending, the maximum SCFs in the chord occurred at 0 or 45 and at 0 or 60 in the brace. In addition, Mashiri, Zhao and Grundy (2004) carried out fatigue tests on CHS brace to SHS chord Tconnections. Mashiri, Zhao and Grundy (2004) measured stress distributions at hot spot locations, where cracks initiated and propagated resulting fatigue failure. The chord and brace member of the specimens were separated along the weld toe on the tension side of the chord.
Feng, Chen and Chen (2017) conducted numerical and experimental static behaviour investigations on both collar plate and doubler plate reinforced SHS T-joints. Eleven SHS Tjoints were tested under axial compression. Feng, Chen and Chen (2017) stated that large value of β ratio benefits the initial stiffness and the joint strength but deteriorates the ductility.
On the other hand, Mashiri and Zhao (2010) tested empty and concrete-filled SHS-SHS steel tubular T-joints under in-plane bending to prove that concrete-filling reduces the maximum SCFs. In this investigation, identical T-joints used in Mashiri and Zhao (2010) experimental investigation will be modelled using ABAQUS software to obtain SCFs and compare the FEA results with the experimental results. The maximum SCFs in concrete-filled SHS-SHS welded tubular T-joints are lower than the maximum SCFs in empty SHS-SHS welded tubular T-joints. The maximum SCFs on the tested specimens and FE models in welded composite and empty tubular T-joints generally occurred along line C.
FINITE ELEMENT MODELLING (FEM)

Test specimens
The finite element method (FEM) is another great approach in determining the SCFs of SHS-SHS T-joints or any types of welded tubular joints. Linear elastic FEA modelling was carried out to determine the SCFs at the location of interest at which the SCFs were experimentally determined, line B, line C and line D. Four empty and four concrete-filled SHS-SHS T-joints were modelled and tested under static in-plane bending load on the brace using ABAQUS software. The non-dimensional parameters of the empty T-joints are the same as the concrete-filled T-joints. The mean compressive strength of the concrete used to fill the chords is 50MPa. The geometry and non-dimensional parameters of the four empty and four concrete-filled SHS-SHS T-joints used in this investigations and the experimental investigation by Mashiri and Zhao (2010) are identical.
The external corner radii for each empty and concrete-filled SHS-SHS T-joint models were calculated according to OneSteel Market Mills (2004) . The corner radii are based on the thickness and size of the sections. The design yield stress (fy) of the SHS braces and chords used in this investigation is equal to 350 MPa. However, the design tensile strength of the SHS braces and chords is equal to 430 MPa in accordance to AS 4100-1998 (Standards Australia Online 1998). Furthermore, the Young's Modulus and the poisson's ratio of the steel SHSs are 200000 MPa and 0.3, respectively. The stress-strain distribution of the steel and concrete used in the finite element analysis (FEA) is shown in Figure 1 . Table 1 lists the four empty and concrete-filled T-joints with their dimensions and nondimensional parameters. The SHS T-joints have non-dimensional parameters, β ranging from 0.35 to 0.5, 2 equal to 33.33 and  ranging from 0.5 to 1.0. As shown in Table 1 , the steel SHSs used in this investigation are cold-formed and have steel grade of C350LO which comply with AS1163-1991 (Standards Australia Online 2009). Table 1 : Connection series used in this numerical investigation to determine the SCFs.
Series
Chord Geometric imperfections have not been included in the finite element modelling since there is no buckling in the T-joint connections. The main reason for this is that the load applied to the brace of each SHS-SHS T-joint is within the elastic response region.
Weld
As shown in Figure 2 (a), for each T-joint, the chord is welded to a brace. Each chord is also welded to two 190 × 190 × 12 end plates. Furthermore, the brace of each T-joint connection is welded to a 190×190×12 top plate. The plates with the same dimensions were modelled on ABAQUS. The SHS chord is connected to the SHS brace at right angles. The size of the weld is defined by the leg length (tw). Potential failure of the weld occurs along a plane defined by throat thickness (tt). The definition of leg length and throat thickness is shown in Figure 2 
Boundary conditions and interaction
The concrete-filled SHS-SHS T-joint specimens are pin connected at both end plates. Therefore, in ABAQUS software, the T-joint models will have zero displacements in the x, y and z-direction and no rotation in the y and z-direction. The pinned supports can resist vertical and horizontal forces but not a moment which will allow the T-joint specimens to rotate in the x-direction. The weld was tied to the end plates and the chord ends as well as the top plate and the top end of the brace. Furthermore, the weld was tied with the brace-chord intersection. For the interaction between the concrete infill and the chord steel tube in concrete-filled T-joint models, the coefficient of friction between concrete and steel is 0.35 until the two surfaces are separated. The interface element allows the contact surfaces to slide and separate under inplane bending load. However, the interface element does not allow the SHS steel chord and concrete infill to penetrate each other.
FE type, load and mesh
The finite element type that has been used for the models is 8-noded ABAQUS C3D8R three-dimensional (3D) linear hexahedral solid elements. A static horizontal in-plane bending load was applied in the middle of the T-joints' top plate as shown in Figure 4 using the Static, General procedure available in the ABAQUS library. The SHS-SHS T-joint models with concrete-filled chords and unfilled chords were subjected to in-plane bending load on the brace. The load that is applied to each concrete-filled SHS-SHS T-joint specimens is within the elastic response range of the load-deformation curve of the SHS-SHS T-joint. Since tension is more critical for fatigue, crack opening and crack growth, the stress values at lines B, C and D will be obtained on the side under tension. The locations of Line B, C and D to measure the stresses are shown in Figure 4 . As recommended by Zhao et al. (2001) , the distance of the first strain gauge (closest to the weld toe) from the weld toe is the lesser of 0.4t or 4 mm to exclude the notch effect of the weld size in determining the hot spot stresses. In this investigation, the first gauge of each T-joint model is 4mm from the weld toe since the wall thickness of the chords are less than 10mm. As shown in Figure 4 , each line comprises of 5 nodes representing the number of strain gauges in a strip strain gauges since each strip gauge consist of five strain gauges.
The mesh for the welded T-joints was generated on parts that were created within ABAQUS. The whole models were meshed and included in the simulation. Figure 4 shows a typical meshed model with different mesh densities to meet the needs of this analysis. In order to obtain optimum FE mesh density and verify the FE SCF results, mesh convergence analysis was carried out on empty S3S1 T-joint as shown in Table 2 . As shown in Figure 4 , the finer element edge was used in the region around the chord-brace intersection; 1 mm in region 1, 2 mm in region 2 and 5 mm in region 3. This was adopted in order to obtain precise results with minimum computational time. Figure 5 (a), two layers of elements were used for meshing the wall thickness of the brace member. However, four layers of elements were used for meshing the chord's wall thickness, see (a) (b) Figure 5 (b). This is necessary in order to obtain accurate results. 
STRESS CONCENTRATION FACTOR (SCF)
The stress concentration factor is defined as the ratio of the hot spot stress (hss) and the nominal stress (nom) for a member in a chord-brace connection subjected to in-plane bending load on a brace member (Mashiri 2001) . SCF is expressed as follows: (1)
The hot spot stress for each hot spot locations (line B, C and D) was calculated through the use of quadratic extrapolation. Linear and quadratic are two extrapolation methods used for the determination of the hot spot stress. Figure 6 compares the linear and quadratic extrapolation in determining the hot spot stress at the weld toe for a typical stress distribution (line C). In rectangular hollow section (or SHS), Zhao et al. (2001) recommended the use of quadratic extrapolation method as the distribution of the stresses is non-linear. Mashiri and Zhao (2010) also used quadratic extrapolation for the determination of the hot spot stresses. Figure 6 shows that the hot spot stress is higher than the 5 measured stresses in the extrapolation region at line C and it occurs at the weld toe. 
Nominal stress
In addition, using the stress values obtained from ABAQUS software, numerical nominal stresses were calculated by the extrapolation method. As shown in Figure 7(a) , the extrapolation points are on the tension side of the brace; at the top quarter points of the brace, at the middle of the brace and at the brace end. For comparison, beam theory nominal stresses were also calculated using the ratio of the bending moment (M) in the brace and the elastic section modulus of the brace (Z). This method is known as the simple beam theory which 
RESULTS
In the finite element models, the stress distribution of a typical empty and corresponding concrete-filled SHS-SHS T-joint is shown in Figure 8 . Table 4 and Figure 9 show the distribution of the SCF and the maximum SCFs in the four empty and concrete-filled SHS-SHS T-joints. Furthermore, Table 4 shows the reduction percentage for comparison between the CFSHS T-joints and the corresponding empty T-joints.
The experimental reduction percentage between CFSHS T-joints and corresponding empty T-joints for the test series S3S1Con, S3S2Con, S3S4Con and S3S5Con are 16.7, 19.7, 43.3 and 28.8%, respectively. The average reduction in experimental SCF due to concrete infill is 27.1%. Similarly, the numerical reduction percentage for S3S1Con, S3S2Con, S3S4Con and S3S5Con are 23.1, 16.7, 11.3 and 10.5%, respectively. The average reduction in numerical (FEA) SCF due to concrete infill is about 15.4%
In addition, the maximum experimental SCFs' ratio in concrete-filled to that in empty Tjoints; (SCF CF SCF E ⁄ ) and the ratio of the maximum numerical SCF in concrete-filled T- 
SHS-SHS T-joint
Concrete-Filled T-joints: Numerical (ABAQUS)
Empty T-joints: Numerical (ABAQUS) Simple Beam Theory joint to empty T-joints; (SCF CF SCF E ⁄ ) are given in Table 4 . These ratios are less than 1 which shows that the SHS T-joints with concrete-filled chords reduce the maximum SCF in comparison to the maximum SCF in the corresponding empty T-joints.
Furthermore, the ratio of the maximum concrete-filled SCF in FEA model to that in experiment (EXP); (SCF FEA SCF EXP ⁄ ) and the ratio of the maximum empty (Emp) SCF in FEA model to that in experiment; (SCF FEA SCF EXP ⁄ ) are given in Table 4 . These ratios are close to 1. Therefore, it can be stated that a good agreement between the numerical results (finite element analysis) and the experimental results for each identical non-dimensional parameter T-joint is achieved.
The maximum SCFs on the FE models in each welded composite and empty tubular Tjoints occurred along line C. Similarly, the majority of the maximum SCFs in the existing experimental results occurred at line C excluding concrete-filled S3S1Con and S3S2Con where the maximum SCFs occurred at line B. Note: EXP = experimental investigation; FEA = finite element analysis (numerical investigation); CFSHS = concrete-filled square hollow section; CF = concrete-filled T-joint and E = empty T-joint. 
Failure mode
The SCFs of the SHS-SHS concrete-filled and empty T-joint specimens are different as a result of different failure mode. As shown in Figure 10 (a) and (c), for empty T-joint under inplane bending, the chord face deformation is in both tensile and compressive region. However, Figure 10 (b) and (d) show that for concrete-filled T-joints under in-plane bending, the chord face deformation is in the tensile region only. However in compressive region, the concrete inside the chord prevents chord face deformation. The failure modes between CIDECT Design Guide 3 (Packer et al. 2009 ) and the FE model are the same. 
CONCLUSION
Abaqus FEA software was used to model four empty and welded composite tubular SHS-SHS T-joints to visualise the stress results and determine the distribution of the SCF and the maximum SCF at the weld toe. The T-joint models were tested under static in-plane bending load on the brace. This paper reported the SCFs results and compared the FE modelling results with the existing experimental results. The following conclusions were made:
The maximum experimental and numerical SCFs in empty SHS-SHS tubular T-joints are higher than the maximum experimental and numerical SCFs in concrete-filled SHS-SHS tubular T-joints (composite T-joints). All of the maximum SCFs on the FE models in welded composite and empty tubular T-joints occurred along line C. Similarly, the majority of the maximum SCFs in the existing experimental results occurred at line C excluding concretefilled S3S1Con and S3S2Con where the maximum SCFs occurred at line B. There is a good agreement between the numerical results (finite element analysis) and the experimental results for each identical non-dimensional parameter T-joint.
